The diagnostic capability of peripapillary retinal volume is similar to peripapillary retinal nerve fiber layer thickness for diagnosing glaucoma, but with fewer artifacts.
diagnostic tool for OAG has important public health implications.
Retinal nerve fiber layer (RNFL) thickness, the thinning of which is a strong indicator of glaucoma, [4] [5] [6] [7] is a parameter that can be measured by spectral domain (SD) optical coherence tomography (OCT) tool. The utility of RNFL thickness measurements, however, is limited by a high rate of artifacts. As much as 19.9% 8 to 46.3% 9 of SD-OCT RNFL scans have artifacts, including RNFL segmentation errors, decentration, poor signal, cut edge, motion artifacts, and patient pathology related errors including epiretinal membrane, peripapillary atrophy, and myelinated nerve fiber layer related artifacts. Furthermore, RNFL thinning can be seen in eye pathologies other than glaucoma. [10] [11] [12] [13] [14] [15] [16] Overall, the resulting rate of a false-positive glaucoma diagnosis when using Spectralis OCT's RNFL thickness measurement and overall classification color coding (red for glaucoma, yellow for maybe glaucoma, and green for normal) has been reported to be around 18%. 17 Unlike the posterior RNFL border, which decreases in reflectivity with glaucoma in the setting of RNFL thinning, 18, 19 the posterior retina border does not and therefore may be associated with fewer segmentation errors and artifacts. 20, 21 Therefore, our group has previously shown that retinal thickness (RT) measurements from 3-dimensional (3D) volume scans, which were determined by centering the Early Treatment Diabetic Retinopathy Study (ETDRS) circular grid over the optic nerve, had the same or better diagnostic capability compared with peripapillary RNFL thickness but with fewer segmentation errors. 20, 22 In contrast to peripapillary RT measurements, peripapillary retinal volume (RV) measurements have the advantage of offering more comprehensive 3D information, and therefore, may detect more subtle focal changes in the overall anatomy over time. Recently, our group showed that peripapillary RV measurements using ETDRS circular grids also had excellent diagnostic capability and significantly lower artifact rates compared with RNFL thickness. 22 Past RV studies have otherwise focused on retinal diseases, and macular RV has previously been studied in the context of wet macular degeneration and retinoschisis. 23, 24 Because past RT and RV studies have used diabetic ETDRS software and have focused on the macular region for retinal diseases, this study will focus on analysis of the peripapillary region using software customized for glaucoma diagnosis. On the basis of these promising results, 20, 22 we developed new software with adjustable annular sizes, different from regions on the ETDRS grid, to specifically capture glaucomatous peripapillary changes. We hypothesize that 3D peripapillary RV measurements from Spectralis OCT scans, using customized annular sizes, have equal or better diagnostic capabilities for glaucoma compared with the traditional 2-dimensional (2D) peripapillary RNFL thickness measurements.
PATIENTS AND METHODS

Participants and Eye Examinations
This is a retrospective cross-sectional study. The Massachusetts Eye and Ear Infirmary (MEEI) Institutional Review Board prospective approval for research involving human subjects was obtained. All participants were recruited from the Glaucoma Service at the MEEI between January 1, 2009, and July 31, 2014, as a part of the longitudinal Spectral Domain OCT in Glaucoma (SIG) study. Informed consent was obtained from all subjects in adherence to HIPAA, the tenets of the Declaration of Helsinki and the Health Insurance Portability and Accountability Act.
Details of the study methods have been described elsewhere. 20 Briefly, all subjects underwent a complete eye examination by a glaucoma fellowship-trained ophthalmologist (T.C.C). Patients were included if they fulfilled all of the inclusion criteria: (1) a spherical equivalent between −5.0 and +5.0 D, (2) a best-corrected visual acuity of 20/40 or better, and (3) reliable visual field (VF) with 33% or fewer fixation losses, 20% or less false-positive results, and 20% or less false-negative results. Exclusion criteria were: (1) discernible anterior segment dysgenesis, (2) corneal scarring or opacities, (3) severe nonproliferative or proliferative diabetic retinopathy, (4) VF loss attributable to a nonglaucoma condition, and (5) a dilated pupil diameter of <2 mm. Patients were diagnosed with OAG if they had characteristic changes of the optic nerve head (ONH) with corresponding VF defects (such as nasal steps, arcuate or Bjerrum scotoma, paracentral scotoma, altitudinal defect), as determined by a glaucoma specialist (T.C.C.). 4 This study included patients with primary OAG, pigmentary glaucoma, pseudoexfoliation glaucoma, and normal tension glaucoma. Normal subjects were those with only mild cataracts or with a history of cataract surgery. 25 Only the scans of OAG and normal subjects were analyzed. If both eyes were eligible, one eye was selected randomly.
Spectralis OCT Peripapillary RV Scans and RNFL Thickness Scans
After pupillary dilation, all SD-OCT volume scan imaging was performed with the Spectralis OCT machine with the automatic real time (ART) function activated (HRA/Spectralis software version 5.4.8.0). 20, 26, 27 The ART function was combined with the eye-tracking system to acquire multiple frames at the same scan location. Volume scans were obtained with a 20×20-degree field centered on the ONH. 193 sections were taken with high-speed rate and 3 frames for ART. The average RNFL thickness was measured by OCT Spectralis using the standard circumpapillary circle scan. Each clinical scan consists of 768 A-lines. The circle scan around the optic nerve subtended an angle of 12 degrees. The scan circle diameter in millimeters depends on the axial length, and for a typical eye length, it would measure ∼3.5 to 3.6 mm, 28 with some studies suggesting this translating to a 3.45 mm circle. [29] [30] [31] A printout was produced from the measurement, including the overall RNFL (360 degrees), each quadrant, and 4 octants or sectors (ST, SN, IT, and IN; Fig. 1) .
Analyses of the volume scans were performed using an in-house MATLAB program (MathWorks Inc., Natick, MA). Four annuli were created ( Fig. 1) : circumpapillary annulus 1 (CA1) was bounded by 2.5 and 3.5 mm diameter circles (Fig. 1, top left) , CA2 by 3 and 4 mm circles (Fig. 1 , second left), CA3 by 3.5 and 4.5 mm circles (Fig. 1 , third left), and CA4 by 4 and 5 mm circles (Fig. 1, bottom left) . The MATLAB program automatically centered the circular grids on the ONH (Fig. 1, top right) . The MATLAB program segmented the retinal pigmented epithelium/Bruch membrane layer (RPE/BM) in each of the 193 frames and determined the disc region from the termination of the RPE/ BM. The disc appears as an elliptical hole when RPE was reconstructed. The center of the ONH was the centroid of the disc.
Despite using a high-density 20×20-degree scan area in volumetric scans, larger annuli sometimes exceeded the scanned regions, and they were excluded by the MATLAB program. Each annulus was divided into four 90-degree quadrants: superior (S), temporal (T), inferior (I), and nasal (N). The superior and inferior quadrants were further divided into 4 octants/sectors: superior-temporal (ST), superiornasal (SN), inferior-temporal (IT), inferior-nasal (IN) (Fig. 1, second right) . The octants and quadrants were defined by drawing geometric horizontal and vertical lines. The software automatically segmented the inner limiting membrane and the RPE/BM complex, by using edge and pixel intensity information in the B-scans and by using the layer definitions outlined in International Nomenclature for OCT Panel 32 (Fig. 1, third right) . In each of the 193 B-scans, the inner limiting membrane and RPE/BM complex were constructed as surfaces in 3D to calculate the RV. The tissue volumes that fell between the surfaces were measured by the program for global, quadrant and octant/sector regions in each of the annuli. The investigators performed thousands of RV calculations using the MATLAB software to optimize the segmentation capability before conduction of the study. Multiple calculations of the RV of each study subject were conducted to ensure accuracy. Topography of major retinal layers was shown by color maps (Fig. 1, bottom  right) . All B-scans were checked for algorithm errors. Artifacts were identified by visual inspection based on methods described previously. 9 Briefly, each B-scan was checked for anterior and posterior segmentation errors, decentration of circular grid over ONH, missing parts, cut edge or truncation. When detected, these were corrected by interpolation of correctly segmented frames. For all 4 annuli sizes, custom-designed software determined mean RV for overall RV (360 degrees), each RV quadrant, and 4 octants (SN, ST, IN, IT; see Fig. 1 , second right).
Statistical Analysis
The demographics of normal versus OAG subjects were compared using χ 2 tests or nonpaired 2-tailed Student t tests. Using the clinical diagnosis (OAG vs. normal) as the reference standard, 3D RV and 2D RNFL thickness diagnostic test characteristics (ie, sensitivity, specificity, positive and negative predictive values, and positive and negative likelihood ratios) for all of the quadrants and octants of CA1 to CA4 were calculated using the cutoff value of RV that gave the maximal Youden index (J), or [sensitivity +specificity−1). The area under the receiver operating characteristic (AUROC) curves for RV parameters were compared with RNFL thickness parameters for the global, quadrant, and octant regions for all 4 RV annuli sizes and for the 1 RNFL circle size. Differences were considered significant at P < 0.05 after FDR correction for multiple testing using the method of Benjamin and Hochberg. 33 FDR-adjustment was performed separately for comparisons between RV values of different annuli, and RV-RNFL comparisons. To quantify the artifact rates, the number of scans with at least one artifact was divided by the total number of B-scans, which, in the case of SD-OCT volume scans, included 193 B-scans for each patient. All statistical analyses were performed using R statistical software version 3.3.2 and the R package AUC version 0.3.0 (Foundation for Statistical Computing, Vienna, Austria). All results are stated as means ± SD unless otherwise stated.
RESULTS
Of the 180 study subjects, 67 had normal eyes and 113 had OAG. Mean age was 62.7 ± 15.4 years, and 47.8% (86/ 180) were male. This is a mixed race cohort: 65% (117/180) were white, 18.3% (33/180) were African American, 7.8% (14/180) were Hispanic, 6.1% (11/180) were Asian, and 2.8% (5/180) were other race. OAG patients were older than normal subjects by 13.9 years (P < 0.0001) and had worse VF performance (P < 0.0001, Table 1) .
A larger annular size was associated with a higher percentage of regions outside the 20×20-degree scan area. Specifically, zero of 180 scans from CA1, 3 scans (1.7%) from CA2, 10 scans (5.5%) from CA3, and 13 scans (7.2%) from CA4 were excluded. OAG patients had lower RV values compared with normal patients for global, quadrants, and octants across all 4 annuli sizes (P < 0.0001 for all, Table 2 ). AUROC values for RV for all annuli sizes, quadrants, and octants were consistently above 0.8 (Table 3) . Inferior quadrant RV demonstrated the highest AUROC curve values (0.964) compared with global RV and other individual quadrant or octant RV values in their respective annuli ( Table 3 ). The highest AUROC values were those associated with inferior RV of CA1 and CA2 (0.964 and 0.955, respectively, Table 3 ) and with inferior, IT, and global RNFL thickness (0.966, 0.965, and 0.959, respectively, Table 3 Table 4 shows the sensitivities and specificities for RV of CA1 and RNFL at the cutoff values that maximize the Youden index. The best sensitivities were those associated with IT octant of RNFL, inferior RV of CA4, inferior RV of CA1, inferior quadrant of RNFL, and IT RV of CA4 (0.946, 0.946, 0.938, 0.911, 0.901, respectively). The best specificities were those associated with global RNFL, inferior RNFL, temporal RV of CA4, global RV of CA3 (0.970, 0.970, 0.955, 0.952, respectively).
Looking more closely at the regions with the highest AUROC curves, a cutoff value of 90.5 μm for inferior quadrant of RNFL thickness correctly predicted 102 of 112 OAG cases (91.1% sensitivity) (1 case was missing RNFL thickness value for the inferior quadrant), and a normal diagnosis in 65 out of 67 cases (97.0% specificity, Table 4 ). A cutoff value of 0.38063 mm 3 for CA1's inferior RV correctly predicted OAG in 106 of 113 cases (93.8% sensitivity), and a normal diagnosis in 62 of 67 cases (92.5% specificity, Table 4 , Supplementary Fig. 1 , Supplemental Digital Content 1, http://links.lww.com/IJG/A269).
In Table 5 , global AUROC for all the annuli were not statistically different from each other among all the pairwise comparisons (P > 0.05 for all). Similarly, in inferior and superior quadrant analyses, none of the RV annuli were significantly different from each other in pair-wise comparisons (P > 0.05 for all). On the other hand, in octant analyses, the annuli closer to the optic disc (ie, CA1, CA2) consistently had better diagnostic performance in IT and IN octants compared with annuli farther away from the optic disc (ie, CA3 and CA4, Table 5 ). For example, CA1 had a higher AUROC value in the IT octant compared with CA2, CA3, CA4 (P = 0.037 for all), and in the IN octant compared with CA2, CA3, CA4 (P = 0.037, 0.037, 0.0038, respectively). Similar patterns were observed when comparing inferior octants of CA2 with those of CA3, CA4, although not all were statistically significant (Table 5 ). In addition, ST octant of CA4 consistently had lower AUROC values compared with CA1, CA2, and CA3 (P = 0.037, 0.0163, 0.037, respectively). On the other hand, AUROC of the SN octant of all 4 annuli were not significantly different when compared pair-wise (P > 0.05). In temporal and nasal quadrant analyses, there was no significant difference in the temporal or nasal quadrants of all 4 annuli in pair-wise comparisons (P > 0.05 for all). In pair-wise comparisons between RNFL thickness and RV measurements (Table 5) , RNFL thickness and RV had similar diagnostic capability among all quadrants and octants, and across all 4 annuli (P > 0.05).
In addition, even though OAG patients were significantly older than normal subjects (Table 1) , AUROC values with and without age adjustment were not significantly different from each other (P > 0.05 for all, Supplementary Table 1 , Supplemental Digital Content 2, http:// links.lww.com/IJG/A270).
Among all patients' RV scans or 34,740 B-scans (193 B-scans per 180 eyes), a total of 2071 scans (6.0%) had at least 1 artifact (Table 6 ). Among them, 2.5% (852/34,740) were anterior segmentation errors, and 1.5% (521/34,740) were posterior (RPE/BM) segmentation errors. No decentration errors were identified. In contrast, in the same set of 180 patients, 2D RNFL scans had an overall artifact rate of 32.2% (58/180). Among them, 5.6% (10/180) were anterior segmentation errors, and 22.2% (40/180) were posterior (RNFL layer) segmentation errors, and 9.4% (17/180) were decentration artifacts. No cut edge or mirror artifacts were seen among this set of RNFL scans. When comparing RV versus RNFL thickness, RV had a significantly lower artifact rate per B-scan compared with RNFL scans (P < 0.0001, Table 6 ). RV also had significantly lower artifact rates in the 3 individual artifact rate categories that were compared, including anterior segmentation error, posterior segmentation error, and missing part artifact (P < 0.0001 for all, Table 6 ). In addition, artifact rates for RV and RNFL thickness were also analyzed separately for normal participants and glaucoma patients. The results were very similar to when the groups were analyzed together: RV had significantly lower artifact rates among both normal participants and glaucoma patients.
DISCUSSION
In this study, we compared the traditional commercially available 2D peripapillary RNFL thickness parameter with fixed scan circle sizes to a new 3D peripapillary RV parameter, which can be calculated using novel software which was specifically designed for glaucoma diagnosis and which allows for customizable scan circle sizes. There is a need for commercially available glaucoma software customized for high-density analysis of the peripapillary retina, because current commercially available software primarily allows for high-density analysis of the peripapillary retina 20, 22 by moving the ETDRS fixed-sized scan circles, which were designed for analysis of diabetic macular disease, over the optic nerve instead of the fovea. For this paper, peripapillary RVs were obtained from 3D volume scans using new customized software, with different adjustable annuli sizes (CA1 with 2.5 and 3.5 mm diameters; CA2 with 3 and 4 mm diameters; CA3 with 3.5 and 4.5 mm diameters; CA4 with 4 and 5 mm diameters). We also determined that the best circumpapillary RV annulus sizes for glaucoma diagnosis was the smallest annuli CA1 (2.5 to 3.5 mm). For diagnosing perimetric OAG, this CA1 annulus was equal to that of the traditional 2D RNFL thickness parameters, and better than that of CA2, CA3, and CA4, especially in the inferior octants. When determining which region had the best diagnostic ability, the inferior quadrant RV consistently showed the best diagnostic capability compared with both other quadrants as well as global RV and octant RV regions for all annuli sizes. The segmentation artifact rates for RV (ie, 6% of B-scans) were also lower than that reported in this study (32.2% of RNFL scans, P < 0.0001, Table 6 ) and in the literature for RNFL thickness at 19.9% to 46.3%. 8, 9 Even though peripapillary RNFL thickness is the most commonly studied glaucoma OCT parameter, there is evidence to suggest that glaucomatous arcuate defects were sometimes more easily identified in peripapillary RT maps. 34 When focusing on the peripapillary region for glaucomatous disease, this pilot data further implied that quantitative analysis of the peripapillary region does not need to be limited to just RNFL thickness but can also include RT and RV. Because of this pilot data, 34 larger studies were then conducted to further test this concept and to evaluate peripapillary RT and RV as new clinical parameters for clinical glaucoma care. 20, 22 These larger studies of normal and glaucoma patients showed that peripapillary RT and 3D peripapillary RV may have the same or better diagnostic ability as traditional 2D peripapillary RNFL thickness, largely due to having fewer segmentation artifacts. 20, 22 Before these studies, total RT measurements were primarily used for the evaluation of retinal diseases of the macula, such as the use of ETDRS circles for diabetic retinopathy, and not for peripapillary analysis of the retina for glaucomatous disease. In addition, the use of RT and RV maps for glaucoma evaluation makes theoretical sense, because the top-most retinal layers, both RNFL and ganglion cell layer, are affected by glaucoma on histology. Lastly, current commercially available glaucoma software which calculates macular parameters may be limited by nonglaucomatous macular pathology such as macular degeneration or diabetes, so maximizing use of all available regions of interest, including the peripapillary region, would help to provide best comprehensive analysis of the entire posterior pole in glaucoma.
In this study, we found that RV in the CA1 region was the best parameter for glaucoma because areas beyond the 2.5 to 3.5 mm annular region likely comprised of retina with a proportionately smaller amount of RNFL (Tables 3, 5) . Therefore, our MATLAB software program was able to confirm that the 2.5 to 3.5 mm peripapillary region is most sensitive for detecting glaucomatous disease and that the ETDRS circles are larger and may be more suitable for evaluating diabetic or macular disease. Specifically, in our investigation, we chose annuli with inner diameters from 2.5 mm to outer diameters of 5 mm with 0.5 mm increments, in order to quantify peripapillary retinal tissue volume. Previously, our group investigated the diagnostic capability of peripapillary RT and RV measurements, which were obtained by centering the ETDRS circular grid around the *ΔAUROC, or difference in AUROC, is calculated by subtracting the AUROC of retinal volume of the second annulus from that of the first annulus (ie, ΔAUROC of CA1 vs. CA2 represents AUROC of CA1 minus CA2).
†All P-values were obtained from pair-wise comparisons, correspond to P-values after FDR correction for multiple testing using the method of Benjamini and Hochberg. 33 FDR-adjustment was performed separately for comparisons between RV values of different annuli, and RV-RNFL comparisons.
AUROC indicates area under the receiver operating characteristic curve; CA1, inner circumpapillary annulus bounded by circular grids with diameters of 2.5 and 3.5 mm; CA2, circumpapillary annulus bounded by diameters of 3 mm and 4 mm; CA3, circumpapillary annulus 3 bounded diameters of 3.5 and 4.5 mm; CA4, circumpapillary annulus by diameters of 4 and 5 mm; IN, inferior-nasal; IT, inferior-temporal; RNFL, retinal nerve fiber layer; SN, superior-nasal; ST, superior-temporal. ONH instead of over the fovea. 20, 22 Even though the ETDRS grids were designed to evaluate the macular region in patients with diabetic retinopathy, we used the ETDRS circular grid and its set dimensions (diameters of 1, 2, 3 mm; 1, 2.22, 3.45 mm; and 1, 3, 6 mm) since it was already built into the Heidelberg system for macular imaging. When using these ETDRS grids over the ONH instead of the macula, we found that peripapillary RT and RV measurements still had excellent diagnostic capability, comparable to, if not better than, that of RNFL thickness measurements in glaucoma. 17, 18 As a result of these promising data, our group developed customized software to measure peripapillary RV using a new set of circumpapillary annuli, whose inner and outer diameters could be varied to any diameter. While selecting for the appropriate annular sizes, we took into account data from our previous studies that (1) RT and RV measurements from annuli of smaller diameter, such as those bounded by ETDRS diameter circles of 2 and 3 mm, had better diagnostic accuracy compared with measurements from larger annuli, such as those bounded by ETDRS diameter circles of 3 and 6 mm, (2) the annulus bounded by diameters of 2, 3 mm and 2.22 and 3.45 mm were least affected by peripapillary atrophy (PPA), (3) as much as 23.7% of the scans fell out of the 6×6 mm scanned region for the largest annulus bounded by diameters 3 and 6 mm. 17 Indeed, only 7.2% of the annuli fell outside of the 6 mm×6 mm scanned area for our largest annuli CA4, bounded by circles of diameters 4 and 5 mm.
The annulus with the highest global RV diagnostic performance was that closest to the ONH, namely CA1 (global CA1 AUOC 0.937, Tables 3, 4), even though Pvalues were borderline at 0.082 and 0.076, compared with CA2 and CA4, respectively. This is consistent with the observation that the closer one is to the disc margin, the higher the proportion of RNFL to total RV. An RV annulus closer to the optic nerve, therefore, is more sensitive to glaucomatous changes in the RNFL. In addition, total RV decreases with increased distance from the ONH, so measuring RV at a place where it is thicker allows a higher sensitivity to subtle RV changes compared with where it is thinner with an annulus farther away from the optic disc, such as CA4. 35 However, the annulus should not be too close to the disc border since measurements may be theoretically compromised by pathologies such as PPA. Our previous RT study showed that PPA did not affect the diagnostic capability of RT when using a 2 and 3 mm diameter annulus, 20 and our past RV study showed that PPA did not affect RV's diagnostic capability when using a 2.22 and 3.45 mm diameter annulus around the ONH. 22 The 4 annuli used in this study were all farther away than the ones studied previously, so theoretically the diagnostic performance of the 4 annuli in this study should not be affected by PPA either.
The sensitivity and specificity pattern of the best quadrants and octants for RV diagnostic performance is consistent with our understanding of glaucomatous optic disc change over time and prior observations in RNFL thickness measurements, which suggest that glaucoma preferentially affects the superior and inferior regions (Tables 3, 4) . The best diagnostic ability for distinguishing normal from glaucoma patients was for the inferior, superior, IT, and global regions of RV, with the inferior quadrant being consistently better than the superior quadrant (Table 4) . This is consistent with the observation that in glaucoma while thinning of the neuroretinal rim occurs in all sectors of the optic disc, there is a preference for the inferior pole that tends to be affected the most and before other regions. [36] [37] [38] [39] This is also consistent with the pattern observed previously in RNFL studies, specifically that the inferior and superior quadrants of RNFL thickness conferred the best diagnostic performance in detection of glaucoma using OCT, with added preference for the inferior temporal and superior temporal sectors. 6, [26] [27] [28] 40 This consistency is reassuring in that the anatomical patterns of change, which are captured in RNFL thickness measurements between glaucoma versus normal patients, are also detected in RV measurements (Table 2) . Table 4 also showed that global and temporal quadrants were the most specific, or had the fewest false positives, compared with other regions of RNFL and RV. This is again consistent with known glaucomatous progression that the thinning of inferior and superior RNFL tends to precede that of nasal or temporal RNFL thinning. 39 In addition, the excellent specificities in the nasal and temporal quadrants in this study may also be owing to the fact that 3D volume scans have good sampling of these regions. 41 Recently, several studies that assessed 3D volume parameters demonstrated superior diagnostic capability in the nasal and temporal regions compared with traditional RNFL thickness measurements. 42, 43 In addition to temporal region papillomacular bundle sparing in late glaucomatous disease, the temporal optic nerve, and peripapillary region may be less affected by blood vessel imaging artifacts.
One study, using a 3.46 mm-diameter circle scan, showed that inferior RNFL defects tend to be narrower than superior defects among OAG patients with VF defects. 44 It was thought that the increased concentration of RNFL tissue inferiorly was related to the less supportive nature of the lamina cribrosa in the same area with larger single pore sizes. 39, 45, 46 Our results were consistent with their findings albeit measured in RV: CA1, which is the only annulus in our study that fell completely within the 3.46 diameter circle, was better at capturing the entirety of the narrower, more concentrated inferior defects that fell within a small area. In addition, the narrower inferior defects were better captured in smaller octants compared with a wider quadrant area, thus reaching statistical significance in octant analyses but not quadrant analyses.
The OAG patients in our study were significantly older than normal subjects. This is consistent with the fact that glaucoma incidence increases with age [47] [48] [49] and is reflective of the patient population clinicians encounter every day. In order to account for this statistically significant difference, we conducted calculations to adjust for age in AUROC calculations and found that there was not any statistically significant difference between AUROC values with or without age adjustment (Supplementary Table 1 , Supplemental Digital Content 2, http://links.lww.com/IJG/A270). Future studies on the normal age-related loss for 3D parameters need to be done.
Our study showed that RV scans had significantly fewer artifacts compared with 2D RNFL scans in the same patient population (6.0% vs. 32.2%, P < 0.0001, Table 6 ), most likely owing to a combination of how our MATLAB software was engineered to minimize artifacts and intrinsic RV characteristics themselves. Our software automatically eliminated one of the most common types of RNFL thickness artifacts, the decentration artifact, which occurred in 9.4% of 2D RNFL scans in this study (Table 6 ) and in as much as 27.8% of RNFL thickness scans in a large study of over 2000 2D RNFL scans. 9 In addition, RV measurements had significantly fewer algorithm segmentation errors compared with RNFL thickness scans (Table 6 ). Most notably, while posterior segmentation errors were present in 22.2% of RNFL scans, which was the most common type of 2D RNFL artifact in this study, only 1.5% of B-scans in the volume studies had posterior segmentation errors (P < 0.0001, Table 6 ). This major difference is most likely related to the loss of RNFL reflectivity in glaucomatous eyes, making it difficult for algorithms to distinguish the posterior RNFL border from the underlying structures. 18 On the other hand, there is no evidence in the literature to suggest that glaucoma causes a loss of reflectivity in the RPE/BM complex, which is the posterior border of RV. Indeed, the difference between posterior segmentation errors of RNFL thickness versus RV was most prominent among OAG patients (27.4% vs. 1.2%, P < 0.0001, Table 6 ). Other possible factors that account for this difference include better computer software and better scan quality with volume scans, which would also significantly decrease posterior segmentation artifacts among normal patients (13.4% vs. 1.6%, P < 0.0001, Table 6 ).
Lower artifact rates in OCT imaging is clinically significant as OCT artifacts are known to cause clinically significant measurement errors. 50 Recently, Mansberger and associates showed that automated segmentation by OCT without manual refinement led to lower global RNFL thickness values and over-classification of glaucoma. 51 As much as 23.7% of borderline classifications, or yellow coding on OCT, became normal after manual refinement of segmentation. This "yellow disease," along with red disease (false positives) and green disease (false negatives), can be minimized by better imaging scan protocols, such as with OCT volume scans; algorithm refinement, such as with automated centration; better segmentation algorithms, such as those customized for glaucoma; and better diagnostic parameters, such as RV.
Our study has several limitations. Our study is limited by spectrum bias, 52 or the fact that all our OAG patients had reliable VF defects with a mean MD of <−12 dB. Therefore, our findings are not generalizable to all glaucoma patients, and our diagnostic accuracy can be biased or overestimated. As structural defects are known to precede functional VF loss, future studies that aim to study the diagnostic value of RV in preperimetric glaucoma would be valuable. In addition, unlike clinical OCT examinations where the cutoff values are based on a normative database of a large number of diverse patient population, our cutoff values were selected to maximize the Youden index and the diagnostic capability in this specific set of 180 patients. The cutoff values of our study, therefore, may not be broadly generalizable. Also, the AUROC curve values of our study may not be applicable to a larger patient population or when cutoff values are obtained from a normative database.
Nonetheless, our study showed that 3D peripapillary RV has similar diagnostic capability for OAG compared with the widely used 2D RNFL thickness measurement. RV measurements had lower artifact rates compared with RNFL thickness scans (6.0% vs. 32.2%, P < 0.0001, Table 6 ), making it a more reliable imaging parameter for diagnostic purposes. Best RV regions and annuli sizes included the inferior quadrant and the CA1 annulus, bounded by circular diameters of 2.5 and 3.5 mm. However, future studies are needed to better assess the clinical utility of 2D versus 3D glaucoma SD-OCT parameters.
